Abstract. Recently, a braking index for the pulsar PSR J1640-4631 has been measured.
loss provides a huge reservoir of energy, along with magnetic dipole radiation some fraction of this reservoir is dissipated through GW emission [see e.g., 23, 24] .
Also, the recently braking index n = 3.15 measured for the rotationally powered pulsar PSR J1640-4631 reignites the question about the fundamental energy loss mechanisms of the pulsars. Our interest in this work is to revisit the issue of the gravitational and electromagnetic contributions in the context of pulsars with putative n > 3. This paper is organized as follows. In the next section we revisit the fundamental energy loss mechanisms for pulsars. We also derive its associated energy loss focusing mainly on the energy balance and model self-consistency when both gravitational and classic dipole radiation are responsible for the PSR J1640-4631 spindown. In Section 3, we summarize the main conclusions and remarks. We work here with Gaussian units.
The energy balance of PSR J1640-4631
As already mentioned, we consider that the main energy loss sources of PSR J1640-4631 (or any other putative pulsar with n > 3) are magnetic dipole brake and GW emission.
Recall that if the pulsar magnetic dipole moment is misaligned with its spin axis by an angle φ, the energy emitted per second by a rotating magnetic dipole reads [see e.g., 25, 26] ,
where B 0 is the mean surface magnetic field of a star of radius R and rotational period P . Spinning neutron stars which possess asymmetric deformations emit GWs. More precisely, a spheriodal body with moment of inertia, I, and equatorial ellipticity, , emits GWs. In this case, the energy loss via GW emission reads [see e.g., 27]
An absolute upper limit on the GW strain from isolated pulsars, known as the spindown limit, can be calculated assuming that the observed loss of rotational energy (Ė rot = IΩΩ) is all going into gravitational radiation, i.e.Ė GW [see, e.g., 28]. Instead, we consider in this paper that the total energy emitted by the star is provided by its rotational counterpart, E rot = IΩ 2 rot /2, and any change on it would be attributed to bothĖ d andĖ GW , namelẏ
Since Ω rot = 2π/P , it follows immediately thaṫ
This equation can be interpreted as follows: the term on the left side stands for the resulting deceleration (spindown) due to the emission of GWs and the magnetic brakes, the first and second terms on the right side represent the independent contributions of each one of these processes. The above equation can be conveniently rewritten as followṡ
It is useful to define the fraction of deceleration (η) related to the GW emission, namely
Substituting the appropriate quantities one has
Notice that the above definition implies thatΩ GW = ηΩ rot . Thus η can also be interpreted as the fraction of the power lost by the pulsar in the form of GWs, or also the efficiency of generation of GWs. It is appropriate to rewrite the equation for η in terms of the braking index, that is given by
Before proceeding it is worth recalling that a pure magnetic brake, in which a dipole magnetic configuration is adopted, gives n = 3, whereas a pure GW brake gives n = 5. Therefore, neither a pure GW brake nor a pure magnetic dipole brake are not supported by the observations. On the other hand, a combination of both processes of energy loss considered in the present paper could account for the braking index of, for example, PSR J1640-4631 (or any other putative pulsar with n > 3).
Substituting equation 2.4 and its derivative in equation 2.8 one has
This equation naturally leads to values of the brake indices 3 ≤ n ≤ 5. Notice that combining equations 2.7 and 2.9, one obtains
Therefore, η is directly related to the observable quantity n. An immediate consequence thereof is thatΩ
Since the angular velocity is directly related toḟ rot , the above equation can be rewritten in the following formḟ
where we can interpretḟ rot as the part ofḟ rot that contributes to the generation of GWs. Now, we consider how the amplitude of the GWs for pulsars with n < 5 can be calculated. Recall that one usually finds in the literature the following equation
[see, e.g., 28], where the whole contribution toḟ rot comes from the GW emission, i.e., its implicitly assumed that n = 5. This equation must be modified to take into account that n < 5. To do so the equation for the amplitude of the GW can be written in the following formh
where equation 2.12 was substituted in the last equality. From the above equation one has for PSR J1640-4631 thath 0.27h, i.e., almost a factor of four lower than the amplitude found when one assumes that the energy loss is completely given by GW emission. Notice that in the present case, since n = 3.15, η = 0.075, which means that the GW luminosity would be 7.5% of the total power lost (Ė rot ).
In addition, starting from
[see, e.g., 27] and equation 2.14, one readily obtains an equation for in terms of n, P ,Ṗ (observable quantities) and I, namely
Notice that this model predicts that the ellipticity would be a factor of (n − 3)/2 smaller than that when one assumes that the energy loss is given only in terms of GW emission. Assuming that I ≈ 10 38 kg m 2 (fiducial) and substituting the values of n, P ,Ṗ for PSR J1640-4631, we obtain 4.8 × 10 −3 . One may wonder if such a high ellipticity could be justifiable without considering exotic models. Whether it is not possible to explain such a figure appropriately, this could be an indication that other mechanisms, apart of GW and dipole magnetic brakes must necessarily be considered. As a consequence thereof it could well occur that η 0.075 implying that 10 −3 , or vice-versa. Anyway, it is interesting to see if either aLIGO or the planned Einstein Telescope (ET) could detect PSR J1640-4631, in the context here studied. In figure 1 we show the strain for PSR J1640-4631 using equations 2.13 (star) and 2.14 (square) and the strain sensitivities curves for aLIGO and ET for one year of integration time [29, 30] . This pulsar emits GWs at f GW = 2/P 9.7 Hz, where aLIGO is not sensitive enough to detect it even for one year of integration time. On the other hand, ET, for the same integration time, could well detect it. Notice that the cloud of dots represents the strain calculated by equations 2.13 for 1880 pulsars from ATNF Pulsar Catalog.
Summary
In this paper we model the PSR J1640-4631 spindown by means of a combination of energy loss mechanisms which includes GW emission and magnetic dipole brake. We have shown that with this modeling it could be possible to account for this pulsar braking index. But, in this case it is mandatory to explain how it is possible that a pulsar have such a high ellipticity.
Concerning the detectability of PSR J1640-4631 via its putative gravitational emission, we conclude that aLIGO, even for one year integration time, would not observe it. On the other hand, since the planned ET is more sensitivity than aLIGO at such frequency, it would be able to detect PSR J1640-4631 with the appropriate integration time. Bearing in mind the high ellipticity implicit in this calculation. An interesting question that deserves to be appropriately addressed has to do with the modeling of all other eight pulsars with accurately measured braking indices. Due to their dynamic nature, pulsars should always present important temporal changes in quantities other than P , such as B 0 and φ. Moreover, since the pulsars' ellipticities are very likely non null, the contribution of the GW brake needs necessarily to be considered. We argue that, no matter what are the other mechanisms considered in order to explain the measured braking index, the GW contribution must necessarily be taken into account.
Last, but not least, a model that takes into account, besides the GW and the magnetic dipole brakes, B 0 and φ dependent on time, could also provide a picture in which the braking index of PSR J1640-4631 could be explained without the need of such a high ellipticity. These issues are part of a study to appear elsewhere.
